Abstract -This paper studies wave propagation in several designs of dc superconducting cables. DC conventional cables are also included for the purpose of comparison. For a multiconductor cable system, undesirable transient voltages may develop acrosSs parts that are not designed to withstand high voltages. The effects of several parameters were studied to limit these voltages; these are voltage rating, number of conductors, conductor resistances, earth resistivity, terminal grounding resistances of the "grounded" conductors at the origin and dielectric constants. Voltage rating, conductor resistances, and terminal grounding resistances seem to influence the transient performance of a multiconductor cable significantly. The effect of finite earth resistivity is insignificant.
INTRODUCTION
The propagation characteristics of multivelocity voltage waves in a dc superconducting cable of a specific design were discussed in a companion paper [1] . We showed there that a large fraction of the applied voltage may appear across the "grounded" cryogenic enclosure, which may be the weakest link in the system. A possible solution is to connect the
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Los Alamos, New Mexico 87545 two cylinders of the cryogenic -enclosure with metal links at regular intervals along the length of the cable. However, this will increase the heat leak and decrease the efficiency of the system. An alternative is to replace the metallic shorts by nonlinear (e.g., zinc oxide) resistors or properly coordinated spark gaps. It is expected that the heat leak will be substantially decreased by this method, although not completely eliminated. However, the nonlinear resistors will be subjected to extreme thermal stresses. A third possible solution is to vary the cable-design and system parameters to minimize the voltage difference across the two cylinders of the cryogenic enclosure.
This paper discusses the wave-propagation characteristics of three-and four-conductor dc superconducting cables, as affected by the system constraints as well as by the cable constraints. Examples of two-and three-conductor dc conventional cables are also included for the purpose of comparison. Table I shows the pertinent parameters of the cables, which were studied. The analysis becomes simple if it is assumed that the earth is perfect, i.e., an earth of infinite electrical conductivity. In practice this ideal condition is never met. The problem becomes more complex if the long cable is laid not only in regions of divergent earth resistivities but also in layers of earth of different resistivities. Moreover, lack of precise knowledge of the earth resistivity precludes exact numerical computations. In spite of these difficulties, it is worthwhile to study the effect of imperfect earth in order to assess the manner in which attenuation and distortion of voltage waves in a cable take place. We varied the earth resistivity from 0 to 1000Q-i for all of the cable designs studied.
CABLE AND SYSTEM PARAMETERS

Four-Conductor Superconducting Cables
A lOO-kV design of this cable has been described in the companion paper [1] , where the actual resistances of the four conductors were used to compute the wave-propagation characteristics of the cable. In the present study, we have included conductors of zero resistance to determine the effects on attenuation and distortion of the voltage waves.
In the companion paper, the dielectric constant of the annular space in the cryogenic enclosure was assumed to be unity, i.e., k3 = 1. As the vacuum space inside the cryogenic enclosure is filled with mulitlayer thermal insulation, its dielectric constant will be higher. A dielectric constant of three (k3 = 3) was included in the present study to ascertain its' effect on the voltage across the space inside the cryogenic enclosure.
The space inside the cryogenic enclosure is designed on the basis of allowab'le heat leak and is independent of the voltage rating of the cable. Therefore, a higher voltage (300-kV) cable was included to study the effect of cable voltage rating on the voltage across the enclosure space. Figures 1 to 4 show the step responses of a 100-kV four-conductor dc superconducting cable under various system conditions. Figure 5 shows the step response of a 300-kV four-conductor dc Step response of a semi-infinite 100-kV fourconductor dc superconducting cable at x = 1 km. Effect of dielectric constant. Rg =10 0 at x = 0; pg =100 -m; k3 = 3.
is not discernable in any of the figures except 
Three-Conductor Superconducting Cable
The three-conductor superconducting cable is an alternate design, more suitable for lower power ratings (Fig. 6 ). The dielectric is at ambient temperature, being thermally isolated from the highvoltage superconductor by the cryogenic enclosure. The inner cylinder (stainless steel) of the cryogenic enclosure is intimately connected to the high-voltage superconductor throughout the length of the cable. Therefore, this combination constitutes conductor 1. The outer cylinder (copper) of the cryogenic enclosure is connected to conductor 1 at the terminals. This is conductor 2. A lead sheath (not shown in the figure) that encloses the dielectric is conductor 3. The electrical load circuit is completed through another similar cable. The transient current is assumed to be expelled by the superconductor into the stainless-steel cylinder. Two voltage ratings (100 kV and 600 kV) were considered for this study.
Figures 7 and 8 show the step responses of 100-and 600-kV three-conductor dc superconducting cables under various system conditions. The applied voltage wave on conductor 1 is split into three component waves traveling at unequal velocities. All three component waves are present on conductor 1. Two component waves travel on conductor 2, and one single wave of small magnitude travels on conductor 3. Similar to the four-conductor superconducting cable system, the component wave which is present on all three conductors is of small magnitude at the origin and is highly attenuated within a short distance. This component is not discernable in any of the figures.
Two-and Three-Conductor Conventional Cables
The model for the three-conductor conventional cable was derived from the 250-kV dc submarine cable laid between the north and south islands of New Zealand [2] . Conductors 1, 2, and 3 are assumed to be concentric cylinders made up of copper, lead, and galvanized steel, respectively.
The two-conductor model for this study is similar to the three-conductor model but without the galvanized-steel armour.
Figures 9 to 14 show the step responses of 250-kV three-and two-conductor dc conventional cables. The three-conductor cable carries three component voltage waves, and the two-conductor cable carries two component waves. In each system, one component wave is very small in magnitude and is highly attenuated to a negligible value within a short distance from the origin, except for Pg = 0.
DISCUSSION
Effect of Grounding Resistance Figure 1 shows the effect of grounding resistance on the voltage propagation in the 100-kV, fourconductor dc superconducting cable. A lower grounding resistance would stress the major dielectric Step response of a semi-infinite 100-kV three-conductor dc superconducting cable.
Rg
= 10 Q at x = 0; pg = 100 Q-m. (a) x = 100 m; (b) x = 1 km. Three, two, and one component waves travel along conductors 1, 2, and 3, respectively. The component wave which is present on all three conductors is highly attenuated and is not discernable in the figures.
nearer to its design stress and would stress the cryogenic enclosure less. However, it should be borne in mind that conductors 2, 3, and 4 may be kept open or connected to earth through a nonlinear resistance at one end of the cable. The cable will be vulnerable if the surge enters through that end.
Figures 10 and 13 show the effect of grounding resistance on the conventional cables.
Higher grounding resistances tend to attenuate and distort the wavefronts. For the three-conductor conventional cable (Fig. 10) , the voltage on conductor 3 away from the origin is negligible in all cases where the earth resistivity is finite. The voltage across the dielectric between the lead sheath (conductor 2) and the galvanized-steel armour (conductor 3) is reduced by decreasing the grounding resistance. The attenuation rate of this voltage is also increased when the grounding resistance is less. For the two-conductor Step response of a semi-infinite 600-kV three-conductor dc superconducting cable. R = 10 Q at x =0p = 100 Q-m. Higher grounding resistances tend to attenuate and di-stort the wavefronts. For the three-conductor conventional cable (Fig. 10) , the voltage on conductor 3 away from the origin is negligible in all cases where the earth resistivity is finite. The voltage across the dielectric between the lead sheath (conductor 2) and the galvanized-steel armour (conductor 3) is reduced by decreasing the grounding resistance. The attenuation rate of this voltage is also increased when the grounding resistance is less. For the two-conductor conventional cable (Fig. 13) , the voltage on the'lead sheath (conductor 2) is negligible for finite earth resistivities. The voltage on conductor 1 is attenuated more with higher grounding resistance. Figure 2 shows the effect of earth resistivity on the voltage propagation in the 100-kV fourconductor dc superconducting cable. Only one component wave is significantly affected by the earth resistivity. This component wave is distinguished by the fact that it is the only wave traveling along conductor 4 (physically situated nearest to earth), and that it is also present on the other three conductors along with other component waves. The existence of this component wave (or ground wave) changes the voltage between each conductor and earth without appreciably changing the conductor-to-conductor voltages. It is discernable only when the earth resistivity is zero (i.e., perfect earth). It is highly attenuated within a short distance from the origin (x = 0) when the earth resistivity is finite, being insensitive to the actual magnitude of this finite earth resistivity (Figs. 2b and 2c ). This was also found to be true for other types of cables.
The effect of perfect earth on the voltage propagation in three-and two-conductor conventional cables is shown in Figs. 11 and 14 . The ground wave is more prominent in these two cases than in the dc superconducting cable (Fig. 2a) . Comparing in Table  I , it should be noted that the larger the distance of the cable center to earth, the lower is the ground wave.
Effect of Conductor Resistance
The effect of neglecting the conductor resistances is shown in Fig. 3 . When compared with Fig. 3b of Ref. 1, it will be evident that the effect of conductor resistances is to increase the stress on the cryogenic enclosure. The conductor resistances also decreases the slope of the wavefront.
Effect of Dielectric Constant
In most cases in this study, the dielectric constant of the annular space in the cryogenic enclosure was assumed to be unity. In practice, this vacuum space will be filled with thermal insulation. Assuming a dielectric constant of 3, computations were made of the voltage distribution in the 100-kV four-conductor dc superconducting cable (Fig. 4) . As expected, the velocity of the major component wave on conductor 3 was decreased without changing the interconductor voltage differences substantially.
Effect of Voltage Rating of Cable
The wavefronts on a 300-kV, four-conductor dc superconducting cable are shown in Fig. 5 . In this case, the major dielectric is stressed more nearly to its design value, and the helium space between conductors 2 and 3 is stressed less., The cryogenic enclosure is also stressed less on a per unit basis. However, assuming a BIL of 750 kV for this 300-kV cable, the highest voltages across the major dielectric, the helium space, and the cryogenic enclosure will be 647, 56, and 103 kV, respectively. This is in contrast with 162.5, 59.5, and 50 kV for the 100-kV design. The cryogenic enclosure of the 300-kV design is stressed about twice as much as that of the 100-kV design. This is not surprising considering the fact that the cryogenic enclosure is designed mainly on heat-leak specifications. (Fig. 6 ) is an alternate design that is more suitable for lower power ratings. The inner cylinder of the cryogenic enclosure is intimately connected to the high-voltage conductor (conductor 1) throughout the length of the cable. The outer cylinder (conductor 2) of the cryogenic enclosure is connected to conductor 1 at both ends of the cable. Therefore, the two cylinders of the cryogenic enclosure are at the system voltage under steadystate conditions. Under transients, a voltage difference develops across the cryogenic enclosure (Figs. 7 and 8) (Fig. 12) . Higher terminal grounding resistance also attenuates the wavefronts (Fig. 13) In responding to Dr. Ametani's discussion, we note that his proposed low-frequency earth-return impedance is also in variance with Carson's corresponding impedance [1 ] . The first term of our eq. (1) is identical to Rudenberg's high-frequency earth-return impedance because we used Rudenberg's analysis of the influence of earth. It does not seem justified to compare two infinite series by comparing just the first terms of the two series. Clarke has shown that the difference between Carson's and Rudenberg's results are very small [21. Dr. Ametani's second point concerns the depth of the cable below the earth surface. It should be borne in mind that the outside radius of an underground cable is its distance to earth. Dr. Ametani states that the burial depth of the cable would significantly affect the earthreturn impedance at high frequencies. However, Carson concluded that the earth-return impedance is substantially independent of the depth of cable below the surface [3] .
It should be emphasized that the analyses on earth-return impedance (e.g. Carson, Pollaczek and Rudenberg) involve infinite series. All three analyses have inherent simplifying assumptions. Therefore, none is exa-ct. For practical analysis of transients on transmission lines, one has to decide what accuracy is required. In actual transmission systems, the uncertainty in the value of the earth resistivity caused by diumal and seasonal variations may be so great that the difference between Carson's and Rudenberg's earth-return impedance could be academic. Moreover, our analysis showed that the earth resistivity, as long as it is non-zero, does not seem to have significant influence in the overall transient response of the cables.
Responding to Mr. Meth, our analysis is applicable to all multiconductor systems, including ac superconducting cables; the capacitance-, inductance-, and resistance-matrices need to be calculated for each case.
The component wave velocities are complex functions of the various inductances and capacitances of the cable system. As shown in eq. (10) of the first paper, the k-th wave velocity is given by l/qlk, where qlk is the square root of the k-th eigenvalue of the matrix [M] of eq. (5) . Therefore, it is not justified to compare the component wave velocities by comparing only the dielectric constants between pairs of conductors. A wave velocity is inversely proportional to the square root of the dielectric constant provided the cable configuration is the same. In our case, the configuration between conductors l and 2, and that between conductor 4 and earth are quite different. In fact, the value of 1/i/7LU) between conductors 1 and 2 is lower than that between conductor 4 and earth; this perhaps justifies the delay in the voltage build-up between conductors 1 and 2, over that between conductor 4 and earth.
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Refrigerators and expanders, installed at regular intervals along the superconducting cable, will provide the cooling. These equipments will be at ground potential. However, the connection from the refrigerator/ expander to the hollow core of conductor 1 (Fig. 1 of the usually frequency-invariant above a few kHz. However, it has been shown previously that the modal propagation constants are frequency dependent [4] - [6] .
It is not clear what the discussors meant by the partial fraction expansion method. The expansion of the exponentials of the matrices by Sylvester's expansion theorem is rigorous; the limitations of the accuracy resulted from the truncation of the infinite series for the resistiye terms. This is the universal problem with all similar studies. The accuracy can be increased by considering more terms of the series.
The mechanism of the multi-velocity propagation was described in the first paper; the discussors' description is a welcome addition.
